Featured Application: The results of this study offer a broad vision for the rapid runway repair, giving a useful quantitative and objective tool for airport management body; moreover, they could be applied also for road pavements.
Introduction
Transport infrastructures ensure transport mobility and accommodate infrastructures which provide the essential needs of the population, as food, energy, telecommunications, waterworks, health and safety networks, sewage systems [1] . Therefore, transport network is a lifeline [2] , and its vulnerability exposes people to additional risks. Air transport needs for high priority because it is a strategic infrastructure. Often it is the only alternative to link remote territories, especially when it comes to emergency [1, 3] . For example, airports are strategic when other transport infrastructures are not usable as consequence of a natural disaster (e.g., earthquake, flooding, storm) [4] or when tactical transport should support a peacekeeping mission [5] . For a rescue operation to succeed, a fully functioning system is of the essence [6] [7] [8] ; therefore, repair and maintenance works should be fast and effective to ensure the opportune evenness during the operations [9, 10] .
For a long time, the Air Force studied in many countries the rapid runway repair (RRR) because its strategic importance; in 2016 the North Atlantic Treaty Organization (NATO) published the Standardization Agreement (STANAG) 2929 about this issue [11] . It provides for data and elements useful also for civil sector when rapid repair needs, and considers a standard pavement damage as a crater with a real diameter of 12 m and a maximum depth of 3 m. The term "real diameter" refers to not only the real crater caused by a warp, but also to the surrounding affected pavement. Under such conditions, two main categories of repairs could be applied: site repairs and repairs with prefabricated elements. Repairs with prefabricated elements refer to application of modular prefabricated elements on roller compacted granular materials. This solution ensures greater strength than the on-site ones, and prevent Foreign Objects Debris (FOD).
Three types of modular repairs are currently used:
• fiberglass mats: the pavement discontinuity is filled with controlled granulometry stones, rolled and levelled with the unpaired part of the pavement (Figure 1) . A fiberglass mat, composed of two or more layers of fiberglass impregnated with polyurethane or polyester resins, is laid upon to prevent FOD risk [12] . Finally, the mat is anchored to the pavement with bolts and plugs. This method is simple and rapid: its longest procedure is fixing to the ground [13] .
• precast concrete slabs: precast concrete slabs 1.5 × 1.5 m wide and 15 cm thick are laid down on a foundation levelled, which is 15 cm under the final pavement level ( Figure 2 ) [14] . Slabs have a steel containment profile around their perimeter, double internal reinforcement, and two slots for lifting [15] . The system guarantees bearing capacity and durability, but has several operational difficulties: existing pavement should be cut to contain exactly a proper number of slabs; hot mastics, resins or hot bitumen should be applied to finish the joints [16] .
• metal mats: prefabricated metal elements are suitable for both recess and covering execution ( Figure 3 ). Usually, aluminium mats 4 cm thick are used because their high strength and low weight. Joints are simple and exact, outside elements are tied to avoid removal of elements and risk of FOD. are not usable as consequence of a natural disaster (e.g., earthquake, flooding, storm) [4] or when tactical transport should support a peacekeeping mission [5] . For a rescue operation to succeed, a fully functioning system is of the essence [6] [7] [8] ; therefore, repair and maintenance works should be fast and effective to ensure the opportune evenness during the operations [9, 10] . For a long time, the Air Force studied in many countries the rapid runway repair (RRR) because its strategic importance; in 2016 the North Atlantic Treaty Organization (NATO) published the Standardization Agreement (STANAG) 2929 about this issue [11] . It provides for data and elements useful also for civil sector when rapid repair needs, and considers a standard pavement damage as a crater with a real diameter of 12 m and a maximum depth of 3 m. The term "real diameter" refers to not only the real crater caused by a warp, but also to the surrounding affected pavement. Under such conditions, two main categories of repairs could be applied: site repairs and repairs with prefabricated elements. Repairs with prefabricated elements refer to application of modular prefabricated elements on roller compacted granular materials. This solution ensures greater strength than the on-site ones, and prevent Foreign Objects Debris (FOD).
 fiberglass mats: the pavement discontinuity is filled with controlled granulometry stones, rolled and levelled with the unpaired part of the pavement (Figure 1) . A fiberglass mat, composed of two or more layers of fiberglass impregnated with polyurethane or polyester resins, is laid upon to prevent FOD risk [12] . Finally, the mat is anchored to the pavement with bolts and plugs. This method is simple and rapid: its longest procedure is fixing to the ground [13] .  precast concrete slabs: precast concrete slabs 1.5 × 1.5 m wide and 15 cm thick are laid down on a foundation levelled, which is 15 cm under the final pavement level ( Figure 2 ) [14] . Slabs have a steel containment profile around their perimeter, double internal reinforcement, and two slots for lifting [15] . The system guarantees bearing capacity and durability, but has several operational difficulties: existing pavement should be cut to contain exactly a proper number of slabs; hot mastics, resins or hot bitumen should be applied to finish the joints [16] .  metal mats: prefabricated metal elements are suitable for both recess and covering execution ( Figure 3 ). Usually, aluminium mats 4 cm thick are used because their high strength and low weight. Joints are simple and exact, outside elements are tied to avoid removal of elements and risk of FOD. Site repairs restore pavement continuity creating a structural package filling the crater or the discontinuity. Quickly hardening cement/resin-bounded mortars or bituminous emulsions are used. Three types of interventions are possible:  recovery by percolation: the crater is filled with part of the material (10-70 mm diameter) spilled from the crater itself, then different materials of suitable granulometry complete the filling up to reach the ground level. Percolation of cementitious or bituminous binders finishes the upper thickness of the pavement. The granulometry of filling material varies with the used binder: it is 10-25 mm when it is bitumen, 25-70 mm when it is cement;  recovery by surface filling: the crater is filled as in the previous case, but no more than 5-8 cm from the final level; a surface layer of cold bituminous asphalt composes the new upper layer and completes the repair;  recovery by deep filling: the crater is filled as before, up to 20-30 cm from the final level; the restoration will be realized using ordinary concrete.
Site repairs are more frequent than modular repairs because they are more versatile: they allow repair under various conditions (e.g., extension of pavement to be repaired, volume to be filled…). Their technique could be used also in road sector, where site repairs are just about the only used and rapid ones are desirable [17] [18] [19] . Under such conditions, the study focused on evaluation and identification of the best technical solution for easy and rapid pavement repair. As consequence of this condition, the study examined 12 materials and mixtures having with reference the NATO standard STANAG 2929 [11] , which defines the maximum time for airport reopening after a repair work. Laboratory and in situ [20, 21] tests have been performed to find the best choice from a technical point of view; finally, the examined materials have been compared respect to their installation costs. The results from this work provide interesting information useful to design a RRR, both for airport and road pavements. Site repairs restore pavement continuity creating a structural package filling the crater or the discontinuity. Quickly hardening cement/resin-bounded mortars or bituminous emulsions are used. Three types of interventions are possible:  recovery by percolation: the crater is filled with part of the material (10-70 mm diameter) spilled from the crater itself, then different materials of suitable granulometry complete the filling up to reach the ground level. Percolation of cementitious or bituminous binders finishes the upper thickness of the pavement. The granulometry of filling material varies with the used binder: it is 10-25 mm when it is bitumen, 25-70 mm when it is cement;  recovery by surface filling: the crater is filled as in the previous case, but no more than 5-8 cm from the final level; a surface layer of cold bituminous asphalt composes the new upper layer and completes the repair;  recovery by deep filling: the crater is filled as before, up to 20-30 cm from the final level; the restoration will be realized using ordinary concrete.
Site repairs are more frequent than modular repairs because they are more versatile: they allow repair under various conditions (e.g., extension of pavement to be repaired, volume to be filled…). Their technique could be used also in road sector, where site repairs are just about the only used and rapid ones are desirable [17] [18] [19] . Under such conditions, the study focused on evaluation and identification of the best technical solution for easy and rapid pavement repair. As consequence of this condition, the study examined 12 materials and mixtures having with reference the NATO standard STANAG 2929 [11] , which defines the maximum time for airport reopening after a repair work. Laboratory and in situ [20, 21] tests have been performed to find the best choice from a technical point of view; finally, the examined materials have been compared respect to their installation costs. The results from this work provide interesting information useful to design a RRR, both for airport and road pavements. Site repairs restore pavement continuity creating a structural package filling the crater or the discontinuity. Quickly hardening cement/resin-bounded mortars or bituminous emulsions are used. Three types of interventions are possible:
• recovery by percolation: the crater is filled with part of the material (10-70 mm diameter) spilled from the crater itself, then different materials of suitable granulometry complete the filling up to reach the ground level. Percolation of cementitious or bituminous binders finishes the upper thickness of the pavement. The granulometry of filling material varies with the used binder: it is 10-25 mm when it is bitumen, 25-70 mm when it is cement; • recovery by surface filling: the crater is filled as in the previous case, but no more than 5-8 cm from the final level; a surface layer of cold bituminous asphalt composes the new upper layer and completes the repair; • recovery by deep filling: the crater is filled as before, up to 20-30 cm from the final level; the restoration will be realized using ordinary concrete.
Site repairs are more frequent than modular repairs because they are more versatile: they allow repair under various conditions (e.g., extension of pavement to be repaired, volume to be filled . . . ). Their technique could be used also in road sector, where site repairs are just about the only used and rapid ones are desirable [17] [18] [19] . Under such conditions, the study focused on evaluation and identification of the best technical solution for easy and rapid pavement repair. As consequence of this condition, the study examined 12 materials and mixtures having with reference the NATO standard STANAG 2929 [11] , which defines the maximum time for airport reopening after a repair work. Laboratory and in situ [20, 21] tests have been performed to find the best choice from a technical point of view; finally, the examined materials have been compared respect to their installation costs. The results from this work provide interesting information useful to design a RRR, both for airport and road pavements. 
Materials and Methods
Four different categories of materials used for repairing airport pavements have been examined in the study: bituminous emulsions, quick-hardening cement mortars, ordinary cement concretes, cold bituminous conglomerates, and an expanding resin (Table 1) . • E1 is an over-stabilized cationic emulsion composed of 60% styrene-butadiene-styrene (SBS)-modified bitumen. Table 2 lists technical characteristics of bitumen extracted from the emulsion. The cement mortars M3 and M5 have similar granulometric curve: both have over 33% percentage passing at 63 μm, and over 98% percentage passing at 4 mm. Nevertheless, M5 has more fine content than M3, while it has less fine sand than M3: these differences explain the different w/p ratios above listed. Figure 5 compares the compressive strength of cement mortars M3, M4 and M5 whose time, temperature, and procedures for laying are compliant with those adopted for ordinary cement concrete. Compressive strength has been evaluated after maturity at 20 °C according to the standards: EN 12190 [27] for M3 and M4, and UNI EN 1015-11 for M5 [28] . The cement mortars M3 and M5 have similar granulometric curve: both have over 33% percentage passing at 63 µm, and over 98% percentage passing at 4 mm. Nevertheless, M5 has more fine content than M3, while it has less fine sand than M3: these differences explain the different w/p ratios above listed. Figure 5 compares the compressive strength of cement mortars M3, M4 and M5 whose time, temperature, and procedures for laying are compliant with those adopted for ordinary cement concrete. Compressive strength has been evaluated after maturity at 20 • C according to the standards: EN 12190 [27] for M3 and M4, and UNI EN 1015-11 for M5 [28] . The cement mortars M3 and M5 have similar granulometric curve: both have over 33% percentage passing at 63 μm, and over 98% percentage passing at 4 mm. Nevertheless, M5 has more fine content than M3, while it has less fine sand than M3: these differences explain the different w/p ratios above listed. Figure 5 compares the compressive strength of cement mortars M3, M4 and M5 whose time, temperature, and procedures for laying are compliant with those adopted for ordinary cement concrete. Compressive strength has been evaluated after maturity at 20 °C according to the standards: EN 12190 [27] for M3 and M4, and UNI EN 1015-11 for M5 [28] . Four cold bituminous mixtures (see Table 1 ) have been considered. Time, temperature, and procedures for their laying are compliant with those adopted for ordinary asphalt.

B1 is a premixed cold bituminous mixture composed of fine aggregates and bitumen (6% by volume). After its application, the pavement can be immediately re-opened to traffic. The traffic itself settles the material, ensuring adhesion to the existing paving. This feature reduces time and costs for compaction, which cannot be overlooked using ordinary asphalt mixes [31] . Table  3 lists mechanical characteristics of B1 evaluated according to the standard ASTM D6927 (75 blows on each side) [32] .  B2 is a one-component premixed asphalt: it permits to repair 20-70 mm thick potholes with a single layer application. Table 3 lists technical characteristics of B2.  B3 is a bicomponent premixed cold asphalt: it permits to repair bituminous and concrete pavements with up to 7 cm thick layers. Water is its catalyst for the hardening process.  B4 is a premixed cold asphalt composed of bitumen (5.5% by weight of aggregates), vegetal oils, plasticizer additives and aggregates. It permits to repair bituminous and concrete pavements with layers not less than 2 cm and up to 6 cm thick. Table 5 lists technical characteristics of B4. Four cold bituminous mixtures (see Table 1 ) have been considered. Time, temperature, and procedures for their laying are compliant with those adopted for ordinary asphalt.
• B1 is a premixed cold bituminous mixture composed of fine aggregates and bitumen (6% by volume). After its application, the pavement can be immediately re-opened to traffic. The traffic itself settles the material, ensuring adhesion to the existing paving. This feature reduces time and costs for compaction, which cannot be overlooked using ordinary asphalt mixes [31] . Table 3 lists mechanical characteristics of B1 evaluated according to the standard ASTM D6927 (75 blows on each side) [32] .
• B2 is a one-component premixed asphalt: it permits to repair 20-70 mm thick potholes with a single layer application. Table 4 lists technical characteristics of B2.
• B3 is a bicomponent premixed cold asphalt: it permits to repair bituminous and concrete pavements with up to 7 cm thick layers. Water is its catalyst for the hardening process.
• B4 is a premixed cold asphalt composed of bitumen (5.5% by weight of aggregates), vegetal oils, plasticizer additives and aggregates. It permits to repair bituminous and concrete pavements with layers not less than 2 cm and up to 6 cm thick. Figure 7 compares the granulometry curves of B1, B2, B3, and B4. Expanding resins are used for transport infrastructures when the bearing capacity of soil does not satisfy the design requirements. Their expansion allows consolidation treatment by mean removal of the interstitial water and/or the filling of voids. The consolidation treatment involves executing injections through small metal cannulas placed on a regular mesh on the area to be treated.
In the study, a high-density bi-component polyurethane resin R (see Table 1 ) has been tested: its starting time is 40 ± 2 s and its expansion time is 85 ± 10 s. Table 6 lists its technical characteristics. Expanding resins are used for transport infrastructures when the bearing capacity of soil does not satisfy the design requirements. Their expansion allows consolidation treatment by mean removal of the interstitial water and/or the filling of voids. The consolidation treatment involves executing injections through small metal cannulas placed on a regular mesh on the area to be treated.
In the study, a high-density bi-component polyurethane resin R (see Table 1 ) has been tested: its starting time is 40 ± 2 s and its expansion time is 85 ± 10 s. Table 6 lists its technical characteristics. According to the need for fast reopening of the airport, mechanical resistance tests were conducted with the timing of 3 h, 6 h, 12 h, 24 h, and 48 h, 3days, 7days, and 28 days to evaluate the maturity of the products.
The texts performed were:
Percolation Tests with Bituminous Emulsions and Cement Mortars
The percolation test is a laboratory test designed by the 2nd Department of Genio of the Italian Air Force to verify the performance of a granular material bounded by a percolated binder. The procedure involved 7-12 mm granular materials with bituminous emulsions and 40-70 mm aggregates with cementitious mortars. In all cases, the tests aimed to find the binder composition (i.e., content of water for E1, content of cement for E2 and the mortars) which allows a percolation of about 20 cm and therefore it is defined "optimum"; otherwise the binder consistency is "fluid" (if the percolation thickness is more than 20 cm) or "plastic" (if the percolation thickness is lower than 20 cm).
Structural Strength of Concrete Obtained from Cement Mortars and Standard 32.5/42.5 Cement Concrete
Concrete made from cement mortars was obtained by percolating mortar inside 15 cm cubic moulds where the aggregates were previously located. Specimens were tested according to the standard EN 12390-2 [33] .
In this phase specimens with ordinary concrete mixed with cement 32.5 and 42.5 and water/cement ratio equal to 0.500 were also tested. During the mixing process, the authors observed a rather aggressive gripping phenomenon in cement concrete 42.5, which could lead to difficulties during works.
Marshall Stability of Cold Bituminous Mixtures
Different series of Marshall specimens [34] have been made to evaluate the increments of resistance to time: for each time and cold bituminous mixture, 4 specimens have been tested.
On-Site Tests
On-site repairs were designed using the software FAARFIELD 1.41 (Federal Aviation Administration Rigid and Flexible Iterative Elastic Layered Design) (Federal Aviation Administration, Washington, DC, USA) [35] . It provides possible configurations of flexible and rigid pavement layers by simulating the number of coverages of the traffic mix. In this study, the layers thickness was calculated considering a reference aircraft, the C-130J (Lockheed Martin, Bethesda, MD, USA), typical for civil and military operations of the Italian Air Force. For this aircraft, the load distribution at the time of landing is 5% on the front gear and 95% on the rear one. 500 annual coverages during 20-year service life were considered: this volume traffic permit to design a permanent repair, as defined by the NATO criteria [36] . The flexible pavement model was used for bituminous materials, while the rigid pavement model was used for cementitious materials and the expanding resin [37, 38] .
The on-site tests involved the best performing materials found during the laboratory experimentation.
Results

Percolation Tests with Bituminous Emulsions and Cement Mortars
The results of percolation tests are listed in Table 7 . Figure 8 shows some percolation specimens obtained during the study. 
Structural Strength of Concrete Obtained from Cement Mortars and Standard 32.5/42.5 Cement Concrete
The results of compression tests on cementitious mixes are listed in Table 8 . 
The results of compression tests on cementitious mixes are listed in Table 8 . Figure 9 highlights M3 and M4 have mechanical features that can be used as solutions for RRR, especially when percolation needs. M1 and M2 exhibited a high percentage of voids and, consequently, lower mechanical characteristics than the ordinary concretes mixed with 32.5 and 42.5 cements (both CEM I type). Ordinary concretes have mechanical characteristics that can be used as solutions for RRR, especially for deep filling. Table 9 shows the Marshall stability of the examined cold bituminous mixtures at different times. Figure 10 shows that B1 had insufficient mechanical characteristics to allow the rapid repair of the runways; B2 had only one specimen able to be tested; B4 did not have consistency: its specimen broke even before being inserted into the press. Only B3 showed mechanical characteristics appropriate for rapid repair.
Marshall Stability of Cold Bituminous Mixtures
At the end of this laboratory experimentation, the more reliable products which could be used for the runway rapid repair were: M4, B3, and M1. These materials and the expanding resin were used for on-site tests. Table 9 shows the Marshall stability of the examined cold bituminous mixtures at different times. B1  222  238  241  240  266  270  B2  36  -----B3  599  850  1041  1232  1327  1213  B4 ------ Figure 10 shows that B1 had insufficient mechanical characteristics to allow the rapid repair of the runways; B2 had only one specimen able to be tested; B4 did not have consistency: its specimen broke even before being inserted into the press. Only B3 showed mechanical characteristics appropriate for rapid repair.
At the end of this laboratory experimentation, the more reliable products which could be used for the runway rapid repair were: M4, B3, and M1. These materials and the expanding resin were used for on-site tests. 
On-Site Tests
The on-site experimentation involved four test fields to be repaired, arranged in a 12-m diameter circle (Figure11) The test fields were sized to avoid the disturbance effects due to the loads from the adjacent test fields. Their characteristics were: 
The on-site experimentation involved four test fields to be repaired, arranged in a 12-m diameter circle (Figure 11 ). 
The on-site experimentation involved four test fields to be repaired, arranged in a 12-m diameter circle (Figure11) The test fields were sized to avoid the disturbance effects due to the loads from the adjacent test fields. Their characteristics were:
• During the execution of the expanding resin injection into the layer of stone, there was a strong expansion of the mixture, even up to 20 cm (Figure 12) . Appl. Sci. 2017 , 7, 1192 During the execution of the expanding resin injection into the layer of stone, there was a strong expansion of the mixture, even up to 20 cm (Figure 12 ). The on-site experimentation allowed the verification of the load bearing during time through Light Weight Deflectometer (LWD) and Heavy Weight Deflectometer (HWD) tests. LWD was used to evaluate the pavement Deformation Modulus Md under the resin-treated area [39] . HWD technology allowed to back calculate the elastic modules of the repair layers by mean the software Elmod ® 6.1.75 (Dynatest: Søborg, Denmark) [40] . According to the measured site deflection data, the software gave back an approximated deflection basin with decay curves according to the material under study. Table 10 lists the results of LWD tests on three resin-treated points represented in Figure 13 . The on-site experimentation allowed the verification of the load bearing during time through Light Weight Deflectometer (LWD) and Heavy Weight Deflectometer (HWD) tests. LWD was used to evaluate the pavement Deformation Modulus M d under the resin-treated area [39] . HWD technology allowed to back calculate the elastic modules of the repair layers by mean the software Elmod ® 6.1.75 (Dynatest: Søborg, Denmark) [40] . According to the measured site deflection data, the software gave back an approximated deflection basin with decay curves according to the material under study. Table 10 lists the results of LWD tests on three resin-treated points represented in Figure 13 .
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During the execution of the expanding resin injection into the layer of stone, there was a strong expansion of the mixture, even up to 20 cm (Figure 12 ). The on-site experimentation allowed the verification of the load bearing during time through Light Weight Deflectometer (LWD) and Heavy Weight Deflectometer (HWD) tests. LWD was used to evaluate the pavement Deformation Modulus Md under the resin-treated area [39] . HWD technology allowed to back calculate the elastic modules of the repair layers by mean the software Elmod ® 6.1.75 (Dynatest: Søborg, Denmark) [40] . According to the measured site deflection data, the software gave back an approximated deflection basin with decay curves according to the material under study. Table 10 lists the results of LWD tests on three resin-treated points represented in Figure 13 . The results listed in Table 10 highlight high variable values of Md, as confirmed by the statistical results listed in Table 11 . The set of values for conducting this analysis corresponds to the Md values of the different tested points at different times. For every testing time, the mean, standard deviation, The results listed in Table 10 highlight high variable values of M d , as confirmed by the statistical results listed in Table 11 . The set of values for conducting this analysis corresponds to the M d values of the different tested points at different times. For every testing time, the mean, standard deviation, and coefficient of variation (CV, defined as the ratio of the standard deviation to the mean) were calculated. The high values of CV reveal that this technology is not reliable, as confirmed by the decreasing trend of M d in Figure 14 . and coefficient of variation (CV, defined as the ratio of the standard deviation to the mean) were calculated. The high values of CV reveal that this technology is not reliable, as confirmed by the decreasing trend of Md in Figure 14 . The observed decreasing of Md is caused by the viscous properties of the resin and its pronounced expansion which mobilizes the granular material. Indeed, this process alters the lithic skeleton because the resin replaces the stones instead of occupying the gaps between them. The mechanical performances shown in Table 10 and Figure 14 prevent the use of the expanding resin as material useful for RRR.
As done for LWD tests, the results of HWD tests and back calculation were performed for different times. During the analysis of the data some inconsistencies were found in the evaluation of the elastic moduli. For a more accurate evaluation of the moduli, filtering of data measured by the tenth geophone, which was always on the extreme edge of the test fields, was carried out (Figure 15 ). The observed decreasing of M d is caused by the viscous properties of the resin and its pronounced expansion which mobilizes the granular material. Indeed, this process alters the lithic skeleton because the resin replaces the stones instead of occupying the gaps between them. The mechanical performances shown in Table 10 and Figure 14 prevent the use of the expanding resin as material useful for RRR.
As done for LWD tests, the results of HWD tests and back calculation were performed for different times. During the analysis of the data some inconsistencies were found in the evaluation of the elastic moduli. For a more accurate evaluation of the moduli, filtering of data measured by the tenth geophone, which was always on the extreme edge of the test fields, was carried out (Figure 15 ). The filtering process gave more precise and realistic results in terms of elastic modulus E of the pavement layers. In the first measurements (3 h), only the contribution of five geophones was filtered, according to the Dynatest guidelines [41] .
A layered elastic model has been modelled to compute stresses, strains and deflections caused by surface load at any point in the pavement structure. According to the layered elastic theory [42] , the model assumed that each pavement structural layer was homogeneous, isotropic, and linearly elastic. Table 12 lists the geometrical properties of the pavements modelled with the software Elmod ® 6.1.75 [41] . Top layers are composed of tested binders percolated into D40-70 granular bottom layers. The subgrade is the natural material underneath the test fields. Tables 13-15 list the elastic moduli obtained from back analysis respectively for test field with B3, M1 and M4 materials. The filtering process gave more precise and realistic results in terms of elastic modulus E of the pavement layers. In the first measurements (3 h), only the contribution of five geophones was filtered, according to the Dynatest guidelines [41] .
A layered elastic model has been modelled to compute stresses, strains and deflections caused by surface load at any point in the pavement structure. According to the layered elastic theory [42] , the model assumed that each pavement structural layer was homogeneous, isotropic, and linearly elastic. Table 12 lists the geometrical properties of the pavements modelled with the software Elmod ® 6.1.75 [41] . Top layers are composed of tested binders percolated into D40-70 granular bottom layers. The subgrade is the natural material underneath the test fields. Tables 13-15 list the elastic moduli obtained from back analysis respectively for test field with B3, M1 and M4 materials. In the test fields 1 and 2, the values of the bottom layers elastic modulus (E 2,B3 and E 2,M1 ) were the same, equal to 450 MPa. This value of E 2 has been calculated before laying the top materials B3 and M1, and it has been assumed as constant during the subsequent analysis. This choice avoided anomalous back calculation results due to the small tests areas (10 m 2 each). Indeed, under ordinary conditions, the HWD tests are performed on areas larger than those prepared in this study, therefore the wave transmission in the study differs from usual. The most important differences involve the lower layers, whose elastic moduli are deduced from the responses of the geophones most distant from the loading plate. In this case, the response of the most distant geophones is also the most affected by side effects. On the other hand, this assumption has not been possible due to the technical characteristics of the third test field. M4 is a percolated material, thus the thicknesses and mechanical properties of layers are not defined and constant as those of test fields with materials B3 and M1. Figure 16 shows the evolution of the elastic modulus of top layers paved with M1, M4 and B3. Figure 16 highlights the mechanical performance of B3 are not comparable with those obtained using the ordinary cement concrete (M1) and the cementitious mortar M4. M4 has the most rapid rate of increase of elastic modulus: its E value is about constant after 1 day. On the contrary, for M1 the increase of the elastic modulus is slower, but its elastic modulus is comparable to that of M4 at 7 days and is growing until at least 28 days, when the difference is appreciable (38.6 GPa for M1 versus 28.4 GPa for M4). In the test fields 1 and 2, the values of the bottom layers elastic modulus (E2,B3 and E2,M1) were the same, equal to 450 MPa. This value of E2 has been calculated before laying the top materials B3 and M1, and it has been assumed as constant during the subsequent analysis. This choice avoided anomalous back calculation results due to the small tests areas (10 m 2 each). Indeed, under ordinary conditions, the HWD tests are performed on areas larger than those prepared in this study, therefore the wave transmission in the study differs from usual. The most important differences involve the lower layers, whose elastic moduli are deduced from the responses of the geophones most distant from the loading plate. In this case, the response of the most distant geophones is also the most affected by side effects. On the other hand, this assumption has not been possible due to the technical characteristics of the third test field. M4 is a percolated material, thus the thicknesses and mechanical properties of layers are not defined and constant as those of test fields with materials B3 and M1. Figure 16 shows the evolution of the elastic modulus of top layers paved with M1, M4 and B3. Figure 16 highlights the mechanical performance of B3 are not comparable with those obtained using the ordinary cement concrete (M1) and the cementitious mortar M4. M4 has the most rapid rate of increase of elastic modulus: its E value is about constant after 1 day. On the contrary, for M1 the increase of the elastic modulus is slower, but its elastic modulus is comparable to that of M4 at 7 days and is growing until at least 28 days, when the difference is appreciable (38.6 GPa for M1 versus 28.4 GPa for M4). 
Discussion
At the end of HWD tests, the ACN/PCN method was used to evaluate the load bearing capacity of the tested materials [43, 44] . It is a system of rating airport pavements designated by the International Civil Aviation Organization [45] to compare the airport pavement strength (Pavement Classification Number, PCN) to the operation conditions of the traffic mix considering its gross weight and the subgrade bearing capacity (Aircraft Classification Number, ACN). The ACN value is twice the derived single-wheel load expressed in thousands of kilograms, with single-wheel tire 
At the end of HWD tests, the ACN/PCN method was used to evaluate the load bearing capacity of the tested materials [43, 44] . It is a system of rating airport pavements designated by the International Civil Aviation Organization [45] to compare the airport pavement strength (Pavement Classification Number, PCN) to the operation conditions of the traffic mix considering its gross weight and the subgrade bearing capacity (Aircraft Classification Number, ACN). The ACN value is twice the derived single-wheel load expressed in thousands of kilograms, with single-wheel tire pressure standardized at 1.25 MPa, which requires the same pavement thickness required by the examined aircraft. The calculation methods of ACN consider for flexible pavements 10,000 coverages and for rigid pavements 2.75 MPa concrete working stress [44] . Both values are representative of typical airport pavements.
Two criteria allow the evaluation of PCN: the "Using" aircraft or the "Technical" evaluation methods [44] . The first one is based on the experience, the second one on analytical procedures. In this study, the technical method proposed by the software Elmod ® 6.1.75 has been used to calculate the PCN value. It considers the elastic modulus of layers (evaluated by mean back calculation), the configuration of the main gear of the design aircraft, and the number of coverages during the service life.
An airport pavement is verified when Equation (1) is satisfied:
Data obtained in the HWD tests allowed the calculation of the PCN, using the software Dynatest Elmod ® 6.1.75 [40] : different values were calculated for B3, M1, and M4 test fields at different maturity ages and for three traffic levels. 100, 1000 and 10,000 coverages during the service life were considered to simulate expedient, temporary, and permanent repairs according to the standard STANAG 7208 [36] .
In the study, the subgrade under the test fields ( Figure 11 ) was classified as "C" (low strength), therefore the ACN of the reference aircraft is 35. Tables 16-18 list PCN values obtained for test field respectively with B3, M1 and M4 materials: the red cells indicate PCN<ACN, while green ones PCN ≥ ACN. ------100  35  53  57  61  57  62  1000  29  44  47  50  47  51  10,000  24  37  39  42  39  43 The results reveal M4 has the most rapid PCN evolution: after 6 h maturity time, the verification ACN/PCN is satisfied. B3 and M1 ensure comparable results, but their reopening time (when Equation (1) is satisfied) is longer (7.5 days) than that of M4.
At the end of the study, an economic analysis has been carried out to estimate the unit costs for repairing a runway discontinuity [46, 47] . Unit costs derive from the official price list used by the Italian Air Force (internal document) (Rome, Italy). Table 19 lists the results of the economic analysis. According to the results listed in Table 19 , M4 is the material that best suits needs for RRR: its technical and economic characteristics balance the conflicting objectives of budget and performance. Using M4, the airport could be reopened 3 h after the conclusion of the emergency repair (100 coverages during the service life), while 6 h after the RRR works it is possible to achieve a permanent repair, which allow 10,000 coverages during the service life.
Conclusions
The need for rapid repairing runway pavements has grown fast over the years, both for civil purposes and for peacekeeping missions. Therefore, there is the need for a technology that could be applied balancing conflicting objectives of resistance and rapidity. At this purpose, on-site repairs are more versatile than modular repairs currently used in the military sector because they can be adapted to different conditions. The specific sector of runway construction currently needs the comparison of technical performances offered by the innovative materials used for on-site repairs. In Italy, the Laboratory of the Italian Air Force (2nd Department of Genio) analysed technical and economic performances of several types of rapid runway repairs having the C-130J aircraft was as design aircraft. 12 materials currently used for pavement repair have been tested to evaluate their laboratory and on-site performances at different times. This paper presents the first experimental results obtained on the following materials:
• 2 bituminous emulsions, • 5 cement mortars, • 4 cold asphalt mixes, • 1 expanding resin.
The experimental study involved two phases:
1. laboratory tests on all materials except resin to focus on:
• ease of mixing and application; • percolability (for emulsions, mortars and concretes); • Marshall stability (for cold asphalt mixes).
2. on-site experiments on the materials which performed the best for repairing. A cold asphalt mix, a cement mortar, an ordinary cement concrete and the expanding resin were used to repair four 10 m 2 widespread areas. All three tested mixes required time, temperature, and procedures compliant with those used to lay ordinary cement and bituminous runway pavements. On the contrary, the expanding resin required dedicated instruments to be injected. The bearing performances have been evaluated using the ACN/PCN system (for the three mixes) or LWD (for the expanding resin).
The on-site results highlighted that:
• it is not possible to repair runway pavement with expanding resin for two reasons: its strong expansion, even up to 20 cm over the desired level, and its bearing performances. Indeed, the LWD tests showed a decreasing value of deformation moduli over maturity time; • the tested cement mortar M4 (one-component fast setting and hardening cement mortar with graded aggregates) ensures the fastest runway reopening in presence of a permanent repair of the damaged concrete pavement: 6 h after the work, the runway can be opened to traffic for 10,000 coverages of the design aircraft; • surface filling (up to 6 cm) with the cold bituminous mixture B3 (bicomponent premixed cold asphalt with water as catalyst) and deep filling repair with the concrete M1 (ordinary concrete mixed with CEM I 32.5) have similar performances: both allow the reopening to traffic after 18 h maturity time, but for only 1000 coverages of the C-130J aircraft. Indeed, M1 and B3 require 7.5 days-age to support 10,000 coverages. B3 and M1 are both suitable for repairing flexible and rigid pavements.
Finally, it was also observed that the unit costs of the examined materials widely vary: B3 has a higher economic impact than that of M1 and M4, mainly due to the material since the costs of machines and works to have the rehabilitated pavement are comparable.
The results also provide a framework and a reference for any further study into specific cases using additional materials. All test methodologies can be applied to simulate with the software FAARFIELD (Version 1.41, Federal Aviation Administration, Washington, DC, USA) a fleet of almost any civil aircraft, therefore the procedure could be replicated for further analysis. As observed in this study, the contribution of each considered material to the overall repair work can be specialized to maximize the performances:
• percolated resin can be used in bottom layers as foundation and base, • cold bituminous mixtures and cement mortars can be used for top layers.
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